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SUMMARY 


One  way  to  improve  jamming  and  intercept  immunity  of  communication  links 
without  penalizing  channel  capacity,  is  to  use  frequencies  in  the  IS  GHz  hand 
in  conjunction  with  phased  array  antennas  for  greater  directional  aqility. 

In  view  of  the  successful  development  of  microstrip  phased  arrays  at  X-band, 
there  is  a  strong  interest  in  extendina  the  operating  frequency  of  these  con¬ 
formal,  low  profile  antennas. 

The  objective  of  this  program  was  to  investigate  and  compare  a  variety  of 
construction  techniques  with  respect  to  performance,  cost,  weight  and  ease 
of  fabrication.  The  most  suitable  approach  was  chosen  for  fabrication  and 
test  as  a  breadboard  model . 

During  the  analysis  phase,  monolithic,  monolithic/hybrid,  multi-layer  and 
modular  design  concepts  on  both  high  and  low  dielectric  constant  materials 
were  evaluated  for  implementation.  Although  the  materials  and  fabrication 
techniques  differ  substantially,  we  were  surprised  to  find  that  the  overall 
efficiency  of  the  baseline  8x8  arrays  differed  by  less  than  12  percent 
while  the  projected  costs  varied  by  more  than  an  order  of  magnitude.  In 
addition,  microstrip  radiators  were  designed  and  tested  on  teflon-fiberglass, 
quartz,  and  sapphire  dielectric  materials  with  efficiencies  of  95  percent. 
Although  the  all  monolithic  array  concept  offered  significant  repeatabi 1 i ty , 
reliability  and  cost  advantages  and  a  potential  for  comparable  performance 
with  respect  to  the  other  candidate  designs,  this  approach  could  not  be 
implemented  on  this  program  in  view  of  the  extensive  process  development 
effort  required.  Therefore,  the  monol i thic/hybrid  approach  on  sapphire  was 
selected  for  breadboard  fabrication. 

Regrettably,  our  attempts  to  implement  a  4x4  element  breadboard  phased 
array  were  unsuccessful.  Due  to  the  high  dielectric  constant  of  sapphire 


(9.39)  and  the  15  GHz  operating  frequency,  it  was  necessary  to  employ  pre¬ 
cision  masks  and  photoetch  procedures  to  create  and  reproduce  geometries 
with  dimensions  between  .001  and  0.01  inch.  Because  of  the  long  fabrication 
times  associated  with  this  precision  requirement,  the  complete  development 
of  a  15  GHz  3-bit  phase  shifter  was  not  accomplished.  However,  a  series 
of  experiments  that  resulted  in  acceptable  element,  array,  power  divider 
and  3-dB  branch-line  coupler  were  conducted  and  lend  insight  into  the 
fabrication  of  15  GHz  microstrip  arrays  on  high  dielectric  constant 
materials. 
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PREFACE 
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This  final  report,  prepared  by  Ball  Aerospace  Systems  Division  (BASD), 
Boulder,  Colorado,  contains  the  results  of  a  developmental  study  conducted 
at  BASD  between  March  1,  1979  and  May  31,  1980,  under  Air  Force  Contract 
No.  F30602-79-C-0114 . 

The  purpose  of  this  study  was  to  investigate  design  concepts  and  fabrica¬ 
tion  techniques  for  microstrip  phased  arrays  at  15  GHz.  This  work  was  a 
continuation  of  a  previous  AFSC  Contract  entitled  "Microstrip  Phased  Array 
Antennas,"  Contract  No.  F30602-75-C-0137. 
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l.l)  ARRAY  I L  j  i  1  li  A  T  ION 

fabricat  ion  techniques  for  microstrip  phased  arrays  at  15  GHz 
were  investigated  in  detail.  Initially,  a  qualitative  assess¬ 
ment  of  each  approach  was  conducted  to  determine  the  inherent 
advantages  and  d i sad  vantages  of  the  concept.  This  preliminary 
survey  was  followed  by  a  rigorous  quantitative  analysis  to  de¬ 
termine  po r f  or nance  estimates  and  size,  weight  and  cost  trade¬ 
offs.  The  results  of  the  array  investigation  are  presented  in 
i  h •  ■  foil ow i n g  section. 

1.1  Description  of  fabrication  Techniques 

1.1.1  Mono l i f h i c /Hybr i d  Approach 

The  mono  1  i  I.  h  i  c /hybr  i  d  approach  is  a  standard  construction  method 
for  m i crust  r i p  phased  arrays.  The  term  monolithic  refers  to  the 
thin  confer  ml  conductor  layer  supported  by  a  diolect ic  mate¬ 
rial.  This  layer  coni  i  i us  the  radiating  elements,  feed  network, 
phase  shifi.'r  circuitry,  DC  bias  chokes,  and  DC  bias  1  i  n  e  s . 
Those  transmission  line  components  are  fabricated  s  i  m  j  1 1.  i  noon  s  1  y 
ising  a  single  photolithographic  process. 

I  he  a  roiy  i  s  cornel  e  t  ed  by  installing  the  semiconductor  phase 
shifier  control  ■’ laments  (typically  I*  IN  diode  chips)  on  the 
ph of  or i ched  condo c 1  or s  .  The  addition  of  the  discrete  components 
or'  !.  h  no  n  o  I  i  l  h  i  e  rid'  i 1  i  n  g  a  pc  r  t  u  re  es  s  e  n  t  i  a  1  1  y  ere  a  t  os  a  1  a  r  go 

:  d  circuit;  honer,  the  term  mo  n  o  1  i  t  h  i  c /hy  hr  i  d  was  adopted  to 

I I  ■  ■ .  i  i  he  i  h  i  ••  .  i  p  p  r  o .  1 1  h  .  An  example  of  a  mono  1  i  th  i  c/hybr  i  d 

oli ,  i  ■,  '  d  e  r  r  i  y  is  shown  in  i  i  go  re  !  . 

l.l.'’  M  o  n  o  I  i  i  h  i  r  Approach 

A  v  i  a  h  1 1  a  1  ’  ’i'm.iI  !  vc  l  o  the  monol  i  th  i  c/hybr  i  <1  approach  is  a  trie 
mono  1  i  i  h  i  r  s  t  ru  r  I  u  re  in  which  the1  semiconductor  components  are 


in 


fabricated  in-situ  on  the  aperture  substrate.  Although  this 
concept  of  a  Monolithic  Microwave  Integrated  Antenna  (MMIA)  has 
not  yet  been  reduced  to  practice,  the  technique  is  included  in 
view  of  its  potential  benefits  and  probable  near-term  imple- 
mentat i on  . 

1.1.3  Multi-Layer  Approach 

A  multi-layer  approach  is  another  standard  construction  tech¬ 
nique  for  microstrip  phased  arrays.  In  general,  the  radiating 
elements  are  fabricated  on  the  top  layer  while  a  second,  lower 
layer  contains  the  feed  network  and  phase  shifters.  Since  both 
layers  typically  use  microstrip  construction,  the  two  RF  boards 
are  mounted  back  to  back  (ground  plane  to  ground  plane)  and  in¬ 
terconnected  with  feed-through  pins.  An  additional  layer  may  be 
included  to  support  the  attendant  digital  control  electronics 
and  DC  power  distribution  adjacent  to  the  antenna  array.  An  ex¬ 
ample  of  this  construction  technique  is  illustrated  in  Figure  2. 

1.1.4  Modular  Approach 

The  modular  approach  implies  that  a  multiplicity  of  phase  shift¬ 
ers  are  fabricated  on  a  high  dielectric  substrate  using  hybrid 
circuit  technology.  This  substrate  can  either  be  integrated 
into  the  aperture  as  an  insert  or  as  separate  layer  in  a  multi¬ 
layer  structure. 

1.2  Qualitative  Assessment  of  Candidate  Designs 

The  objective  of  the  analysis  phase  was  to  compare  the  various 
design  concepts  with  respect  to  performance,  cost,  weight,  and 
ease  of  fabrication.  Our  approach  to  this  task  included  an  ini¬ 
tial  qualitative  assessment  in  which  the  inherent  advantages  and 
d i s ad v an t age s  of  each  design  were  summarized,  followed  by  a  com- 
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SPACER  (AIR  SPACE) 


PHASE  SHIFTER  BOARD,  - 

BACK-TO-BACK  GROUND  PLANES 

ELEMENT  BOARD,  - - - 


r;’*V 


HYBRID,  - 

(optional ) 


SUBARRAY  COVER,  ' 
I 


element  stack 


Each  layer  contains  64  of  the  devices  indicated 
for  a  complete  8x8  a-ray. 


figure  2.  Typical  Multi  ayer  Construction 
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prehensive  quantitative  analysis  to  determine  the  magnitude, 
hence  the  significance  of  the  strong  and  weak  points.  Each  can¬ 
didate  design  concept  is  evaluated  in  terms  of  its  advantages 
and  d i sadvantages  . 

1.2.1  Mono  1 i t h i c /Hybr i d  on  Low  K  Material 

The  monolithic/hybrid  approach  on  low  dielectric  constant  mate¬ 
rials  (e  <  3)  such  as  t ef 1  on - f i ber g  1  a s s  laminates  has  been  a 
standard  construction  technique  for  microstrip  phased  arrays  for 
many  years.  The  principal  benefits  of  this  design  are  its  mode¬ 
rate  simplicity,  lightweight,  and  ability  to  conform  to  a  curved 
surface.  All  of  these  desirable  characteristics  are  directly 
related  to  the  one  layer,  single  photoetch  process  fabrication 
procedure. 

The  design,  however,  is  not  without  drawbacks  on  low  dielectric 
constant  materials.  For  functional  implementation  the  phase 
shifters,  corporate  feed  and  DC  control  lines  are  interspersed 
between  the  radiating  elements.  In  an  array  lattice  with  0.5  \o 
element  spacing  as  shown  in  Figure  3,  tne  available  inter-ele¬ 
ment.  surface  area  is  given  by  equation  (1): 


A  -  (0.5\o)'-  (O.bXd)^  where  \o  =  / c  r \ d  .  (1) 

For  a  typical  teflon-fiberglass  plastic  laminate,  er  =  2.4,  the 
above  expression  reduces  to 

A  0.14b  Ki/  or  0.35  \dX  (2) 
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It  has  been  shown  that  the  minimum  surface  area  requirement  of 
0 . 0  2  ?.  x  cl  ^  is  associated  with  switched  line  phase  bits.  [1]  A  3  - 
b  i  t  device  having  switched  line  180°  and  90°  bits  and  a  loaded 

line  4  b  °  bit  will  consume  an  area  of  0.07b  X  d  ^  .  Including  three 
bias  chokes  at  0.33  Xd^  each,  the  total  phase  shifter  area  re¬ 
quirement  is  0.1/b  x  d  ^  or  half  the  available  area.  When  the 

feeu  network  and  DC  bias  lines  are  added  with  adequate  separa- 

•  i  on  to  prevent,  coupling,  it  is  apparent  that  the  design  is  i  m  - 
pr  at  t  1 1  a  1  due  to  insufficient  area. 

'tns  r> *-  tii  I  n  ,to  !'■•  overcome,  however,  by  replacing  the  half- 

w  a  v  i-  1 '  ■.  w  1  t  *i  q  u  u  r  t  e  r  -  w  a  v  e  shorted  elements.  [?]  Since 

:  h  •  '  .'"ill  i  r  I  -  p  I  an  e  o  i  me  a  s  i  on  is  cut  in  h  a  1  i  ,  the  element 

n'e, i  i-oqn  i  remen  t  is  reduced  from  0  .  P  b  X  d  ^  to  0.1?5  Xd^.  Hence, 

the  i-.able  urea  froai  equation  (1)  is  now  0.4  7  5  Xd^  .  This  36% 

in.  . . .  u  r  f  a<  e  area  i  ,  sufficient  to  implement  the  mno- 

I  i  l  In  i  h  y «  i  d  d  ■  s  i  qn  on  teflon-fioerglass  m  a  t  e  r  l  a  I  . 

I  n  >•  .  1 1 1 1 1  i  *  1 1  a  r  1 1  e  of  t  n  e  quarter-wave  element  tradeoff  is  the 

aide)  t  aii  -  .  '  at  inn  c  >  >  »  p  I  e  x  1 1  y  compared  to  a  full  size  element. 

As  s  i"wn  o  figure  1,  one  edge  of  the  quarter  ,\ave  element  uses 
it  ,■  i  a  '  e,|  l  1 1  r  n  uqh  holes  (  H  T  H )  to  a  ppr  ox  i  m  a  t  e  a  continuous  short 

1 .  i  r i  .  i  ■  '  I o  fabricate  the  PTH's,  two  additional  processing 

’,,,P-  ar.-  '  e  q  u  i  red;  drilling  or  punching  and  e  1  ec  t  r  e  -  p  1  a  1 1  n  g  . 
in"  i  .  .  H  i  1 1  i  '  i o  I  i  ri  g  ,  labor  and  potential  1  owe  r  yields  nave 

'  I  i  .  a  lv  int  i  g  e  of  higher  fabrication  costs. 

i  "  t  ••  i  a  -  of  pe  r  t  ii  mi  ,nii  e  i  fie  quarter  -  wav.1  element  o  f  f  e  r  s  i  inpr  o  v  e  J 
"■  i  u  w  i  1 1  it  an!  e  q  u  i  v  a  I  e  n  I  bandwidth  w  i  t  h  respect  to  t  fi  e  standard 

I I  i  I  I  -  w  a  v  ••  1  e.iie  n  I  .  I  h  e  f  and  H  plane  patterns  of  j  q  u  a  r  t  e  r  -  w  a  v  c 

s’  I  ■  ii  1  1 1  are  .  ho  wn  r  e  .  pe<  t  i  v  e  I  y  in  I  i  q  u  r  .•  s  4  and  b  .  The  t  -  p  I  an  v 
bait  p  ,  w  ■ :  be  am  w  i  1 1  Ii  (  HI’H  W  )  i  ,  nearly  1  /  0 "  which  is  indicative 

1 1  t  h  •  >  i  i  q  I  e  s  !  n  l  radiator.  I  h  e  H  -  p  I  l  ne  HI’  li  W  is  substantially 

ii  a  r  i  o  we  r  a  I  due  t  u  I  lie  h  a  I  t  -  w  a  v  e  dimension  in  this  plane. 


If 


In  a  2-D  scanning  application  this  asymmetric  element  pattern 
will  noticeably  perturb  the  gain  as  the  azimuth  scan  angle  chan¬ 
ges. 

As  mentioned  earlier,  the  switched  line  phase  shifter  was  ari  ob¬ 
vious  choice  in  view  of  the  area  constraints.  The  disadvantage 
of  this  design,  however,  is  the  four  diode  per  phase  hit  re¬ 
quirement.  A  typical  3-bit  phase  shifter  wilh  180°  and  yo° 
switched  line  con f i g ur a t i ons  and  a  45°  loaded  line  design  has  10 
diodes.  In  a  large  phased  array  with  several  thousand  elements, 
DC  power  consumption  is  significant.  Therefore  phase  shifter 
designs  with  only  six  diodes  per  element  are  preferred  con¬ 
figurations. 

A  final  observation  on  the  monolithic/hybrid  design  is  that  the 
array  surface  is  totally  unprotected.  For  applications  other 
than  laboratory  tests,  a  radoine  or  protective  cover  is  required 
to  protect  the  hybrid  components  mounted  on  the  aperture  sur¬ 
face. 

1.2.2  Munolithic/Hybrid  High  K  Mate' rial 

Many  of  the  disadvantages  associated  with  the  mono  I i tine /hybrid 
design  on  lower  dielectric  constant  materials  are  overcome  by 
s imply  increasing  the  dielectric  constant.  From  equation  (1)  it 
is  apparent  that  the  available  surface  area  increases  with  larg¬ 
er  er  values.  This  is  expected  since  the  i  liter -e  I  ement  spacing, 
\o/2,  is  independent  of  dielectric  effects  while  the  size  of  the 
inicrostrip  element  fabricated  on  the  dielectric  substrate  d  e'¬ 
er  eases  by  /r^,  allowing  more  art;  a  for  the  phase  shifter  and 
feed  network.  The  advantage  of  only  a  slightly  higher  dielec¬ 
tric  constant  material  is  demonstrated  by  using  quartz,  tr  - 
T.^8,  as  an  example.  From  equation  (1)  the  usable  surface  area 
is  0.146\o  and  0 . 1 H  4 \ o  foi  teflon-fib orylass  and  quartz  re¬ 
spectively.  The  26%  increase  ir  area  on  the  quartz  substrate 


w  i  1 1  .'Mow  :  ‘t  ■  i  •  if  a  standard  ha  1  f  -wave  element .  This  is  im¬ 
portant  since  the  fabrication  of  I5  Tils  in  ;  rigid  dielectric  is 
substantially  more  complex  and  hence  more  costly  compared  to 
tef 1  on - r i berg  1  ass  materials.  By  eliminating  the  quarter-wave 
element  requirement,  the  mono  1 i t h i c /hy br  i  d  approach  on  high  di¬ 
electric  constant  materials  is  both  simpler  and  lower  in  cost 
lhan  it;  low  dielectric  counterpart. 

Further  in.;:’",',  ii  dielectric  constant  also  result  in  design 
advantages.  for  example  sapphire  is  an  excellent  microwave  sub¬ 
strate  material  with  - r  -  '1.39.  from  equation  (1)  the  available 
surf.u:  i  trea  is  0.243  (2.28xd^)  or  66%  greater  than  the  tef¬ 

lon-fiberglass  baseline.  As  a  resell  i  V'  larger,  two -diode 
phase  h  i  t  s  may  be  employed  for  the  I'll)’  and  90"  phase  bits  and 
the  i  mp  1  e  ne  a  f  a  I.  ion  or  ,)  3-bit,  six-diode  phase  shifter  becomes 
practical.  The  deletion  of  four  diodes  per  element  and  the  at- 
iendaof  reduction  in  drivers  and  decoding  circuitry  will  cut  the 
prime  >ow  -r  ;  ms  umpt.  ion  by  40%. 

Another  advantage  of  the  high  dielectric  substrate  material  is 
'he  iiigmved  microstrip  element  performance.  Both  wider  beam- 
wi  l;.h  ;  and  broader  bandwidths  have  been  demonstrated  using  sap- 
pilin'  substrates.  Although  the  characteristics  of  this  element 
will  be  present ed  in  !  >  ■  a  i  I  in  Section  1.3,  the  theory  behind 
the  broader  boumw  i  1  h  •;  illasi.rai  >d  in  Figure  6.  In  essence 
the  microsfrip  (>leinenf  is  a  two  slot  radiator  and  the  dielectric 
mid  t  the  patch  can  be  treated  as  a  low  impedance  transmission 
line  ■  !'■>  long  Conner  ting  slot  A  and  slot  B.  The  ha  1  f  -  w  a  vc  1  c  n  gt  h 
property  of  Ihis  transmission  I  i  no  is  determined  by  the  dio’er- 
I  r  i  r  -  ii  u  ■.  I  ,mi  i  n  I  i  h  e  hi.  1 1  e  r  i  a  1  ,  however,  t  h »’  r  a  d  i  a  t  e  <1  field  is  a 
furi'"  i  mi  i  he  slot  sep  i  rat  i  on  in  terns  of  f  roe-space  wav  o- 

Imgth.  A  typical  el  omen  I  on  I o f 1  on - f i be r g 1  a s s  dielectric,  rr  - 
? .  is  shewn  in  figure  6  (a)  and  has  a  HI’BW  of  90  '.  A  compar¬ 
able  el’iH'-nt  el  sapphire,  rr  9.39,  is  shown  in  Figure  6(b). 
Trie  resonant  dinmsions  or  slot  separat  ion  is  reduced  due  to  the 
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higher  dielectric  constant  resulting  in  a  smaller  aperture, 
hence  broader  beamwidth. 

While  high  dielectric  substrates  offer  many  advantages  for  the 
monolithic/hybrid  design,  they  are  not  without  di sad  vantages  as 
well.  The  most  significant  drawback  is  the  higher  microstrip 
feed  network  loss  which  is  strictly  a  function  of  higher  current 
densities  in  the  conductor.  For  example,  the  conductor  loss  of 
a  100'!  microstrip  transmission  line  on  Duroid  5880  0.787  mm 

(.031  in)  thick  is  0.025  dR/cm.  By  way  of  comparison,  the  con¬ 
ductor  loss  of  a  1 0 0 1.2  line  on  sapphire  0.381mm  thick  is  0.27 
dR/cm  or  an  order  of  magnitude  greater.  These  are  equivalent 
transmission  lines  since  the  dielectric  thickness  is  .06xd  in 
both  cases.  The  width  of  the  microstrip  lines  are  0.762mm  and 
0.051mm  for  Duroid  and  Sapphire  respectively.  The  reason  for 
the  higher  loss  is  current  density  related  due  to  the  15  to  1 
ratio  of  conductor  areas. 

Other  d  i  sad  van  t  a  ges  of  the  high  K  materials  are  that  they  are 
fragile  and  non -con f orma 1 .  Conformal  surfaces  will  have  to  be 
approx  i  me  l.  ed  by  a  number  of  flat  pieces  tangent  to  the  sur¬ 
face.  On  large  surfaces  this  may  or  may  not  be  a  problem  since 
the  antennas  will  consists  of  many  subarrays.  In  general  the 
availability  of  materials  such  as  sapphire,  as  well  as  the  thin 
film  and  phetoetch  processing  equipment,  will  limit  the  subarray 
size  to  H  x  8  elements  or  roughly  3.2  inches  square. 

1.2.3  Mono!  i  t h  i  c 

5  ronnieiely  monolithic  design  maintains  all  of  the  advantages 
•  1  I  h  ■  mo  n  o  I  i  I  Im  c  /li  y  ’>  r  i  d  n  pp  r  o.i  r  ti  while'  offering  several  s  i  grt  i  - 

1  ioinI  i  mp  in  vi  . .  I  •. .  At  the  present  time  it  is  a  concept  which 

will  require  extensive  process  development  prior  to  implementa¬ 
tion.  However,  it  is  considered  here  in  view  of  the  potential 


benefits.  We  anticipate  that  the  technology  will  be  reduced  to 
p r  a c  t i c e  within  t  h e  next  12  to  24  months. 


Since  the  concept  is  the  microwave  equivalent  of  digit  a!  and 
1 ow- frequency  analog  integrated  circuits,  Lin-  inherent  advan¬ 
tages  of  very  low  cost,  excellent  repeatability  and  high  relia¬ 
bility  are  expected  to  continue  at  frequencies  well  above  1. - 
band.  These  features  are  related  to  the  e o s v  -  e f t ei  1 l v e 
production  techniques  which  involve  very  little  1  a  b o i  .  devices 
and  interconnections  are  fabricated  in -situ  with  geometries 
specified  and  reproduced  by  the  mask  set. 

Substrates  amenable  to  monolithic  fabrication  must  either  be 
bulk  semiconductor  materials  or  h  a  v  e  the  capability  of  support¬ 
ing  the  growth  of  a  suitable  semiconductor  on  their  surfaces. 
Therefore,  the  viable  candidates  are  limited  to  si  I  i-.  on  on  sap¬ 
phire  (SOS),  gallium  arsenide  on  sapphire  and  semi  ■ i nsu 1  at  i  ng 
gallium  arsenide  (6a  As).  Balk  silicon  is  an s a t  i  s f ac I  or y  due  t n 
its  poor  loss  tangent. 

For  the  SOS  material  the  active  phase  shifter  elements  will  be 
PIN  diodes.  After  diode  fabrication  the  excess  si  lie  in  would  be 
removed  so  that  the  microwave  circuitry  can  be  deposited  direct¬ 
ly  on  the  low-loss  sapphire.  The  PIN  diodes  will  remain  as 
islands  on  the  sapphire.  PIN  diodes  fabricated  in  tins  manner, 
however,  will  be  of  low  quality  compared  to  the  state-of-the-art 
since  diffusion  or  implantation  of  dopants  is  restricted  to  the 
top  surface . 

For  GaAs  or  GaAs  on  sapphire,  the  active  phase  shifter  elements 
will  be  field  effect  transistor  (FET)  switches.  Sinc>  these  are 
predominantly  planar  structures,  high  quality  devices  could  be 
fabricated  by  means  of  ion  implantation  on  the  tup  surface. 
Semi - i nsu 1  at i ng  GaAs  is  an  acceptable  substrate  since  its  high 
resistivity  of  1 0  ^  ohm-cm  results  ’ n  a  loss  tangent  of  1  x  10'^ 
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which  is  equivalent  to  alumina.  The  dielectric  constant  of  G  a  A  s 
is  12.6  so  ail  the  scaling  benefits  of  the  monolithic/hybrid 
approach  on  high  K  materials  will  be  enhanced  with  this  design. 

A  further  benefit  of  the  monolithic  design  is  that  other  active 
RF  or  digital  devices  may  be  incorporated  at  little  or  no  cost 
increase.  For  example,  amplifiers  or  mixers  could  be  fabricated 
in-situ  at  each  element  at  the  same  time  as  the  active  phase 
shifter  devices.  Similarly,  digital  control  and  logic  circuitry 
and/or  a  distributed  mi t r u p r oc e s so r  could  be  included  monolithi- 
cully  for  each  sub  array.  Although  this  will  be  more  costly  due 
to  the  additional  mask  and  processing  complexity,  it  is  a  far 
more  cost-effective  approach  then  the  discrete  component  equiva- 
1  o  n  t  . 

1.2.4  Multi-layer 

fhe  multi-layer  approach  is  an  appropriate  extension  of  the  mo¬ 
no  ( i t h i c ! hybr i d  approach  on  low  K  dielectrics.  It  conveniently 

double-,  the-  usable  surface  area  by  configuring  the  feed  network 

and  phase  shifters  beneath  the  array  aperture.  In  doing  so, 

full  size  naif-wave  elements  may  be  used  in  the  array  along  witn 

the  pro  I'  erred  six  diode  phase  shifter  configuration. 

Perilous  the  most  significant  advantage  of  this  approach  is  that 
tli->  .i.tive  phase  shifter  elements  are  afforded  greater  protec¬ 
tion  f  r  1 1  in  F  M  P  and  lightning.  When  these  devices  are  located 
within  the  array  b  ocath  the  element  ground  plane,  analysis  has 
shown  that  l.ht-  i’  1  N  modes  and  control  electronics  will  survive 

these  i  h  r  e  1 1  s  .  j  i  ) 

All  hough  this  l-'sign  -•  1  i  m  i  n  a  t.  e  s  the  III  component  crowding  pro- 
b  i  ,  11  substantially  i.unpl  ii.ates  t.  tie  hardware  fabrication  an  J 

haul  al  a  .S'-Iili  I  / .  hpe>  ifically,  vertical  interconnects  must, 

i  u  ■>  t  a  I  !  b  tie’  monolithic  phase  shifter  and  radiating 

•’  I  e  a  - -a  t  layt's.  For  example,  in  an  fl  x  3  element  sub  array,  the 


precise  registration  of  64  holes  will  hr  required  ! u  assure  ,1 
uniform  characteristic  impedance  at  16  611/.  The  impact  rl  ad¬ 
ding  a  second  layer  with  its  accompanying  assembly  problems  is  a 
significant  cost  increase  over  alternative  designs. 

In  addition  the  multi-layer  approach  requires  spec  i  I  iiiiunt  ing 
considerations.  Since  the  two  layers  are  mounted  gru  ndplune  to 
groundplane,  the  phase  shifter  and  feed  network  circuitry  are 
exposed  and  must  be  isolated  from  the  mounting  surface.  In  the 
case  of  microstrip  lines,  an  air  gap  of  at.  least  tout  substrate 
thicknesses  is  preferred.  This  standoff  requirement  can  ho 
avoided  by  using  stripline  but  the  increase  in  material  cost,  arid 
weight  is  substantial. 

1.2.5  Modular 

The  modular  approach  is  another  convenient  way  of  increasing  the 
usable  surface  area  by  employing  both  high  and  low  die  lectio 
constant  materials.  In  this  design  both  the  half-wave  radiating 
elements  and  the  feed  networks  are  fabricated  on  tef  I  on- f  i  tier- 
glass  material  to  achieve  closely  matched  T  and  H  plane  beam- 
widths  arid  a  low  loss  corporate  feed.  On  the  other  hand,  phase 
shifter  circuits  are  produced  on  a  high  K  material  using  hybrid 
circuit  techniques  in  order  to  reduce  size  and  costs.  Assembly 
consists  of  integrating  these  pieces  together. 

The  concept  of  removing  low  K  material  and  inserting  the  high  K 
substrate  to  retain  a  single  layer  is  dismissed  immediately  on 
the  basis  of  impedance  matching.  The  degree  of  difficulty  asso¬ 
ciated  with  maintaining  a  constant  impedance  level  and  a  con¬ 
tinuous  groundplane  across  this  interface  makes  the  insert  con¬ 
cept  impractical. 


1  hi-  ,i  1  t  't'n  a ;  i  V'-  t.hcn  is  t.  o  make  the  high  tieloctric  material  a 
lower  1  aye*  '  in  a  multi-layer  structure.  ‘Jr  Cortunat.i  ly ,  this  has 
♦he  same  1 i s a e va n t a ges  as  the  multi-layer  approach  with  addi¬ 
tional  co  plexity.  Interconnect  holes  mast  also  be  drilled 
through  tl  ■  hard  high  K  material  as  well  as  the  i  ef 1  or -fiber¬ 
glass.  Hi.'  i  o  the  fragile  nature  of  the  ceramic  s>.  bstrates,  the 
fabricatin'!  an  I  assembly  of  the  mod  u  1  a  r /mu  1 1  i  -  1  ay  e  r  array  will 
be  more'  expensive  than  the  basic  multi-layer  concept  previously 
described.  furthermore,  the  rigidity  of  the  high  dielectic 
mat  'rial  v-  i  1  1  severely  restrict  the  conformal  properties  of  the 
array. 

1.1  t  I  e  i  ir  n  I.  [1  e  sign 

*l  i  nee  n;cr>str:p  radiators  on  h  i  gh  dielectric  constant  materials 
a  re  essen’  ial  to  the  monolithic  and  non o 1  i t h i c / hy b r i d  designs, 
an  ox'ori  lent,  al  evaluation  was  conducted  during  the  analysis 

phase  io  establish  pi'  r  forma  nee  levels.  The  dielectric  materials 
included  'uart/,  alumina  and  sapphire.  Hue  to  the  exploratory 
nature  of  those  designs,  resonant  frequencies  close  to  15  GHz 
wore  a ccee  i  a h  1  e . 

As  a  star!  ing  point,  a  15  GHz  element  shown  in  :”igure  7,  was 

fabricated  on  0.(751  inch  Duroid  5?U-10.  The  f  and  H  plane  pat¬ 
terns,  figure-;  ”  and  0  respectively,  are  computer  plots  of  the 
measured  da  la.  Sin  re  the  element  is  square  with  each  side  at 

0 inch,  tie  tll’I’.Ws  are  roughly  equal  at  AO1'.  An  impedance 
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corner  ol  !  igore  II.  (he  I  -plane,  H-plane  and  VSWR  data  are 
presented  in  figures  Id,  IT,  and  14,  respectively.  The  F-plano 
HI’UW  i  ■,  1 1 1 1  >  ni  x  i  hi- 1 1  e  I  v  1  OH  and  the  ?  :  I  VSWR  bandwidth  is  1.5%  or 
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230  MHz.  The  reduced  bandwidth  15  attributable  to  the  substrate 
thickness.  For  direct  scaling,  the  0.031  inch  or  0.058  Xd 
thickness  on  Duroid  should  equate  to  a  quartz  thickness  of  0.023 
inch.  The  0.015  inch  dimension  results  in  a  Xd  of  only  0.037, 
hence  a  narrower  bandwidth  is  expected. 

Figure  11  also  shows  a  variety  of  inicrostrip  radiators  on  alumi¬ 
na.  The  in  a  t  e  r  1  a  1  was  used  as  a  cost  e  f  f  e  r  t  1  .  -  substitute  for 
sapphire  during  tin*  early  design  stage  since  •'  nas  a  dielectric 
constant  of  9.8  compared  to  9.19  fir  a  p  p  n  1  r  t  .  fully  optimized 
elements  were  not  completed  on  hi-,  mut-r  <  a  i  • 

Due  to  the  substantially  higher  die  e  .  t  r  1 1.  ■  mist  int  of  sapphire, 
s  g  u  a  r  e  element  configurations  b  e  i  .me  1  n  p r  a  c  t  1 c  a  i  to  implement. 
The  slot  conductance  becomes  .0  vn '  1  Mi  at  the  input  impedance 
exceeds  several  hundred  o n m s  wn  s  -1  n  •  ,  at  > • de  t  n e  r  a n g e  of  p r  a c  - 
t  1  c  a  1  inicrostrip  lints.  1  be  s  1  .  ,  1  •>.,  ,  ♦  her.  ,  is  to  increase  t  tie 

slot  conductance  t>y  extend  1  ng  t  he  w  ■  l’n  ’  t  n  ■■  slot.  The  result 

is  a  r  ec  t  an  g  u  I  a  r  ,  n  ipe.j  .•  I  e  ne«i  t  >  .  s  n  ■ .  *  n  injure  15  with  a 

useful  Ml  p  j  t  )  11  peit  an  1  e  .>t  c  1 1  u  g  h  ,  1  >a» 

The  (  and  H  plane  p  ,1 1  1  ••  1  n  .  1  r  t  !•••  s  1  p  p  r  '  •  ■  e  e  i  <•  tien  t  are  shown  in 

I  1  q  tires  1  b  m.J  1  /  re  s  pe  t  1  v  ••  I  y  .  ns  e  x  j;e.  •  ed,  t.  ite  1  -  plane  HP  BW  of 

1  2  b '  great  I  y  *- « ..  ■  ■  e <1  ,  t  he  no'  v  a  ’  .1  ••  is  »  .  1  i t  ••  0  with  the  Dure  i  j 

element.  Un  the  0  t  n  e  r  n  a  nd .  t  h  >•  H  -  p  !  .1  n  e  \>  e  a  11  w  1  i  t  h  is  74°  due  to 

tht*  0 . 9  X  d  d  1  a.  'ns  1  o  n  1  n  t  n  1  s  p  1  me. 

Perhaps  the  most  t  r  i  k  i  n  j  feature  of  tne  sapphire  element  is  the 
measured  2:1  V  \  WK  b  an  .1  w  1  d  t  n  of  d  .  5  %  wti  1 1.  ti  is  substantially 
greater  than  the  typical  1-3%  bandwidth  associated  with  designs 
on  lower-  dielectric  materials.  A  VSWK  plot  of  the  element  is 
shown  in  I  1  g  u  r  .*  18. 
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for  i  1  .  14  u  M  z  !i  a  n ;!  w  :  d  t  h  .  Although  this 
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measured  data  is  accurate  and  has  been  reproduced  on  numerous 
occasions  it  is  somewhat  overstated.  An  analytical  assessment 
based  on  Derneryd's  paper  [4]  yields  a  6%  2:1  VSWR  figure. 


As  an  effort  to  reconcile  the  measured  9.5%  and  the  calculated 
6%  bandwidth  figures  for  the  sapphire  element,  it  is  worthwhile 
to  re-examine  the  measured  data.  The  VSWR  is  measured  with  re¬ 
spect  to  the  input  port  and  does  not  include  tne  loss  of  the  1.8 
cm  long  transmission  line  between  the  input  connector  and  the 
radiating  element.  This  attenuation  will  "mask"  tne  true  VSWR, 
making  it  appear  better  than  it  actually  is  at  the  input  con¬ 
nector.  The  theoretical  loss  of  the  transmission  line  consist¬ 
ing  of  1.5  cm  of  50Q  line  and  0.2  cm  of  100Q  line  is  0.3  dB. 
This  mean*  that  the  2:1  VSWR  bandwidth  of  the  radiating  element 
corresponds  to  the  1.9:1  VSWR  bandwidth  at  the  input  con¬ 
nector.  A  close  examination  of  Figure  18  shows  that  the  1.9:1 
VSWR  bandwidth  is  90  MHz  less  than  the  2:1  bandwidth  or  1.25 
GHz .  The  true  2:1  VSWR  bandwidth  is  8.8%  which  is  somewhat 
closer  to  the  calculated  value  of  6%.  The  remaining  2.8%  dis¬ 
crepant,  y  is  attributed  to  the  increased  width-to-length  ratio 
compared  to  conventional  designs.  This  design  is  not  employed 
with  low  dielectric  constant  materials  since  kd  and  \o  are  not 
substantially  different.  Therefore,  elements  0.9\d  wide  will 
interfere  with  one  another  when  spaced  \o/Z  apart  in  an  array 
1  a  1 1  i  o  e  . 

Since  ill  of  the  elements  are  specifically  intended  for  phased 
array  app  1  i  c a t i on s ,  the  individual  element  gains  are  secondary 
to  heomwidfh  and  bandwidth  considerations.  In  the  absence  of 
guantitutive  gun  measurements  element  efficiencies  were  veri¬ 
fied  by  i  nt.egrat  i  on  of  the  far-tield  patterns  and  found  to  ex¬ 
ceed  gs%  in  all  cases.  This  was  expected  due  to  the  good  lmpe- 
dan<e  match  and  extremely  low  loss  tangents  of  2  x  10“^  for  both 
g  u  art  /  a n  d  s  a  pph i r e  . 
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1.4  Ar  r  ay  Cons  i der  at  i  o  n  s^ 

The  microstrip  radiators  on  Lefl  on  -  f  i  her  g  I  as -•> ,  quart./  and  sap¬ 
phire  were  evaluated  as  array  elements  by  computer  <  alculation 
of  the  f  a  r  -  f  1  e  1  d  patterns. 

Since  the  resultant  pattern  is  the  product  of  the  “leiiont  pat¬ 
tern  and  the  array  factor,  the  effects  of  the  element  charac¬ 
teristics  can  be  isolated  by  maintaining  a  constant  array  fac¬ 
tor.  This  is  accomplished  conveniently  by  examining  the  candi¬ 
date  elements  in  the  same  array  lattice  and  at  identical  beam 
steering  angles. 

Calculations  were  performed  for  8x8  element  arrays  witti  0.43\ 
matrix  spacing  to  prevent  grating  lobes  at  large  scan  angles. 
The  8x8  array  was  selected  since  it  represents  an  optimum 
building  block  for  larger  high-gain  antennas.  The  next  conven¬ 
ient  increment  in  size  is  16  x  16  elements  which  is  rouyhly  6 
inches  by  6  inches  square  at  16  GHz.  For  practical  reasons  this 
size  is  too  large. 

The  availability  of  high  dielectric  materials  (including  quartz 
and  sapphire)  is  extremely  limited  in  size,  not  to  mention 
expense.  In  addition,  6  inches  by  6  inches  is  prohibitively 
large  for  most  thin  film  processing  equipment  required  for  ac¬ 
curate  pattern  resolution  at  this  frequency,  regardless  of  di¬ 
electric  material.  Calculations  also  indicate  that  the  losses 
in  a  microstrip  feed  network  for  266-way  power  division  will 
severely  impact  the  overall  efficiency. 

On  the  other  hand,  the  obvious  smaller  size  is  a  4  x  4  element 
building  block  which  is  too  small.  A  higli  gain  array  would 
consist  of  many  subarrays  and  the  low  loss  feed  network  to  the 
subarray  level  would  require  extra  power  division  levels.  Both 


of  these  factors  will  reduce  the  cost  effectiveness  of  high  gain 
antennas. 


Digital  phase  shifters  were  selected  in  view  of  their  compa- 
tability  with  digital  beam  steering  controllers  ind  the  planar 
construction  techniques  being  investigated.  Again,  practical 
considerations  dictated  the  use  of  3-bit  phase  shifters.  Less 
than  3-bits  results  in  unacceptable,  high  quantization  sidelobe 
levels.  Conversely,  4-bit  phase  shifters  will  lower  quantiza¬ 
tion  sidelobes  while  increasing  insertion  loss  slightly.  How¬ 
ever,  the  major  drawback  of  the  4-bit  device  in  conformal  array 
applications  is  the  additional  surface  area  requirement  which 
usually  prevents  its  implementation. 

The  computed  array  patterns  scanned  60°  are  shown  in  Figure  19, 
20,  21  for  the  teflon-fiberglass,  quartz  and  sapphire  elements 
respectively.  Assuming  uniform  illumination  to  achieve  maximum 
gain,  the  first  sidelobe  levels  are  approximately  - 1 3 . 8d  B .  The 
pattern  using  the  sapphire  element  is  closest  to  the  theoretical 
first  sidelobe  level  since  it  has  the  broadest  beamwidth.  The 
difference  between  the  sidelobe  levels  is  directly  proportional 
to  individual  element  gains  at  that  angle.  For  example,  the 
sidelobes  associated  with  the  teflon-fiberglass  element  roll  off 
much  faster  compared  to  the  other  elements  since  it  radiates 
less  energy  at  the  far  out  angles. 

At  large  scan  angles,  however,  it  is  apparent  that  hemispherical 
coverage  or  broad  beamwidth  elements  are  preferred.  The  effect 
of  tfie  oleme  nf  pattern  is  illustrated  in  Figure  22  which  shows 
the  s .i in i •  H-eloment.  array  scanned  to  0  =  60°,  $-0°  .  The  teflon- 
fiberglass  element  is  the  dotted  pattern  and  the  sapphire  ele¬ 
ment  is  solid.  It  is  important  to  note  the  two  major  differ¬ 
ences.  First,  the  directivity  is  0.3  dll  less  with  the  teflon- 
fiberylass  element  and  second,  the  sidelobe  levels  are  lower 
with  the  sapphire  element.  Both  of  these  conditions  are  direct- 
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Figure  19.  8-Ele~ent  Arrav  Pattern  With  Teflon-Fiberglass  Element 
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Figure  20.  8-Element  Art  ay  Pattern  With  Quartz  Element 


-Element  -•■ray  Pattern  e'ith  Saophire  Element 
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ly  attributable  to  the  element,  characteristics.  Ihe  more  d  <"t.(  - 
tive  tef  1  on -f  i  berg  1  ass  element  radiates  more-  energy  .L  broadside 
than  the  sapphire  element  independent  of  array  scan  anylo. 

The  conclusion,  then,  is  that  elements  on  Im<|Ii  dielectric  um- 
stant  materials  will  improve  phased  array  performance. 

I  .  5  Phase  Shifter  _Co_n  s  iderations 

In  conformal  microstrip  phased  arrays,  phase  shifter  tradeoffs 
involve  physical  size,  performance,  prime  power  requirements  and 
cost.  For  those  designs  which  intersperse  the  phase  shifters 
between  the  radiating  elements,  the  surface  area  r  equ  i  r  ■••nen  t  s 
are  of  primary  importance,  and  often  out.  rank  performance. 
Since  the  objective  of  this  program  was  to  functionally  in  pie- 
ment  the  optimum  array  design,  only  conventional  phase  shifter 
circuits  were  investigated.  Tin'  approach  was  to  se 1 ec  •  dif¬ 
ferent  configurations  of  180°,  80“  and  4‘>"  phase  bits  to  meet 
the  specific  requirements.  For  designs  with  severe  space  limi¬ 
tations,  minimum  area  configurations  were  emphasized.  Whenever 
a  surplus  of  area  was  available,  low  loss  designs  were  on  ployed 
in  as  many  bits  as  practical.  The  results  of  this  procedure  are 
suimnar  i  zed  in  Table  1  . 

A  common  concern  involving  all  phase  bit  designs  at  lb  GHz  is 
the  availability  of  semiconductor  control  devices.  The  choice 
is  limited  to  either  PIN  diodes  or  G  a  A ILT  switches.  Tuning 
diodes  were  dismissed  due  to  poor  performance  in  an  identical 
application  described  in  reference  5.  The  device  selection  is 
easy  to  make  on  the  basis  of  cost.  G  a  A  s  FET  transistors  tor 
lb  GHz  are  roughly  $100  a  piece  even  when  purchased  as  unpack - 
aged  chips.  On  the  other  hand  the  most  expensive  beam  lead  PIN 
diodes  were  only  $15  each.  Although  the  field  effect,  transis¬ 
tors  will  offer  a  performance  advantage  in  the  application,  the 
seven  to  one  cost  factor  was  not  stifled. 
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Array  Performance  (estimates 


A  loss  budget-  tr/i  — eacli  of-  tfu.*._jles  i  gn  concepts  is  presented  in 
Table  2.  This  data  is  based  on  the  individual  component,  evalua¬ 
tions  developed  in  t.  lie  previous  sections. 

The  2  3  d  B  i  directivity  figure  is  calculated  for  a  B  x  >5  ••lement 
array  with  h  a  I  f  -  wa  v  e  I  on  g  t  h  elemerit  spacing.  Again,  the  value 
applies  to  all  of  the  design  concepts  since  the  aperture  s i is 
identical  with  respect  to  \o .  The  gain  is  derived  for  each  de¬ 
sign  concept  by  subtracting  the  projected  system  losses  t-'oin  the 
directivity. 

The  95%  element,  efficiency  is  implied  for-  all  of  the  designs  by 
the  0.3  dB  loss  term.  As  mentioned  in  section  1.3  this  perfor¬ 
mance  level  is  achieved  on  the  three  basic  substrate  male- 
rials.  Phase  shifter  losses  vary  slightly  primarily  due  to  t in¬ 
difference  in  transmission  line  loss  per  unit  length. 

This  sane  factor  explains  the  significant  differences  in  the 
feed  network  loss  figure.  Higher  current  densities,  hence  high¬ 
er  losses,  are  associated  with  the  thinner  conductor  wi  1 1.  h  s  on 
the  high  dielectric  substrates.  At  the  same  time  the  feed  net¬ 
work  becomes  longer  in  terms  of  \d  for  higner  K  substrates. 

For  the  monolithic  and  mono  1  i  t  h  i  c  /  liybr  i  d  designs,  an  array  m  i  >  - 
match  loss  of  0.5  dB  was  assumed  to  c  orrespond  to  a  ’  :  1  input 
VSWR  level.  This  value  was  increased  slightly  to  0.6  dB  t  >r  the 
multi-layer  and  modular  designs  to  account  for  the  vertical  in¬ 
terconnect  i ons  between  the  two  hoards. 

The  total  system  losses  range  between  3.5  and  4.0  dB  tor  the 
mono  1  i  t  h  i  c /hybr  i  d  design  on  tef  tori- f  iberg  1  ass  and  sapphire  res¬ 
pectively.  The  correspond i ng  gains  and  efficiencies  are  10.5 
dBi,  >■  -  44.2%  arid  18.2  dB  i  ,  n  33%  for  ti  x  8  element,  suh- 
ar r  ay s  . 
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1.7  A '-'ray  Mechanical  Del.  ails 

Although  RF  perf  urmanco  is  of  primary  i  rip .» r  I  a  11  e  in  <>v  a  !  u  a  t  i  n  <] 
the  candidate  designs,  the  mechanical  char  act  or  i  •.  I  i  <•  *.  .ire  m  - 

t  i  a  1  considerations  for  a  thorough  tradeal*  an  i  ! ys  i  s.  r.aipul  a 
tious  concerning  s  ’  l  n  and  weight  ror  each  design  cmicepl  1  >r  !  lie 
basic  8x8  sul array  hu  i  1  di  ng  block  are  s  mum  a  r  i  /  ■  1  in  1  1 1>  1 .» 

Since  the  aperture  size  is  dictated  by  \  th>  planar  s  i  r  f  ac  >  • 
area  is  the  same  for  all  designs  at  I!  square  inches.  There¬ 

fore,  the  woi  ghts  are  determined  by  material  Mi  id*  ness.;',  and 
densities. 

The  monolithic  and  mono  1  i  t  h  i  c /by  hr  i  d  lesigns  a  >'u  single  sub¬ 
strate  Structures  of  the  thickness  indicated.  In  t. he  multilayer 
and  modular  designs,  however,  the  thickness  represents  the  over¬ 
all  dimension  of  the  two  substrates.  The  mu  1 f  i  - 1  aye r  lesign 

consists  of  an  element  layer  on  a  «>.!)  1 1  inch  im.ird  and  a  *  ,>ed 
no  two  rk /pha  se  shifter  layer  on  a  0  .():•’ (1  inch  substrata  .  i’oth 

layers  are  Duroid  5880  t  e  f  1  on- f  i  ber  g  1  a  s  s  m.i  l.  e  r  i  a  1  . 

In  the  modular  design  the  elements  and  teed  not.  w  irk  ire  on  0  .  )  1 1 
inch  teflon  fiberglass,  but  the  phase  shifter  modules  a re  fabri- 
cat.ed  on  alumina  substrates  0.01b  inch  thick.  Alt.'nongh  lh> 
total  surface  area  of  the  four  high  dielectric  module-,  is  inly 

4  0*.  of  the  aperture  area,  the  overall  th  iciness  is  I.  he  ,  urn  of 
t  h  o  t  vi  o  1  a  vers  or  0 . 0 4  ! >  inch. 

It  should  be  noted  that  the  thickness  dimension  lor  tin'll  the 
nu 1 M -layer  and  modular  designs  does  not  include  the  air  gap  or 
standoff  dimension.  This  spacing  is  required  since  the  lower 
layers  in  both  designs  have  the  circuitry  on  the  boll  mi  as  men¬ 
tioned  in  section  1.?.  This  spacing  ruga  i  eement.  is  typically 


f  our 


u  b  s  t r  a ’ e  thicknesses. 


'•’ecnsnical  Detai 


The  array  weights  presented  in  Table  3  range  between  b .  6  and  PO 
grams  per  subarray.  Compared  to  conventional  antenna*,  at  lower- 
frequencies  this  weight  seems  almost,  negligible.  An  array  wh  m  li 
would  have  a  broadside  gain  of  appr  >x  imate  I  y  3u  lHi  ami  which 
would  consist  of  64  of  the  heaviest  subarrays  (  ?(■  ym  each)  would 
weigh  less  than  5  kg.  Of  this  total  maximum  weight,  the  o 4  sub- 
arrays  only  comprise  1.28  kg.  The  remaining  3./  kg  is  array 
structure,  fairing,  r adorns  and  electronics.  If  monolithic  sub- 
arrays  were  used  with  integrated  electronics,  a  realistic  over¬ 
all  weight  of  less  t  h  a  n  3  kg  is  expected. 

1.3  Cost  Compar i son s 

A  comparison  of  direct  man u f ac t u r l n g  costs  for  prototype  quanti¬ 
ties  was  also  included  as  part  of  the  analysis  effort.  Although 
the  results  presented  in  Table  4  are  cost  estimates,  they  are 
believed  to  be  quite  accurate. 

Concurrent  with  this  program,  8ASD  was  fabricating  an  3x8  multi¬ 
layer  array  on  teflon-fiberglass  material  at  7.6  GHz.  Since  Lht: 
hardware  fabrication  was  for  another  RAL1C  program,  it  provided  a 
timely  basis  for  the  cost  analysis  in  this  study  effort.  These 
costs  are  summarized  in  the  column  labeled  multi-layer,  D588D/ 
05880.  Except  for  two  modifications  these  dollar  values  repre¬ 
sent  actual  costs.  First,  the  antenna  material  costs  which 
include  board  material  and  PIN  diodes  were  scaled  to  reflect,  the 
one-fourth  substrate  area  requirement  associated  with  the  fre¬ 
quency  doubling.  Second,  the  assembly  labor  for  PIN  diode  in¬ 
stallation  was  recomputed  using  the  fastest,  production  rates  to 
eliminate  "learning  curve"  inefficiencies. 

In  Table  4  the  antenna  materials  category  includes  the  substrate 
material,  PIN  diodes  and  blocking  capacitors.  The  costs  issue i- 
ated  with  the  six  fabrication  te-'.niques  primarily  reflect  the 


Direct  Vanjfacturinc  Costs  <  Si,r'r)"1 


difference  between  the  10  diode  and  (>  diode  phase  shifter  cir¬ 
cuits.  This  difference  is  also  a p  p  a  r  e  n  t  in  the  digital  cir¬ 
cuitry  material  costs  which  include  all  of  the  electronic  con¬ 
trol  circuitry  for  the  phase  shifters.  Those  components  are 
essential  for  an  operating  system  and  the  cost  is  basically  the 
same  whether  the  digital  hardware  is  located  at  the  antenna  or 
external  to  it. 

For  the  monolithic  design,  however,  the  total  materials  cost  is 
$200  for  the  system.  RF  and  digital  components  will  be  fabri¬ 
cated  in-sit u  and  therefore  cannot  be  costed  as  discrete  compo¬ 
nents.  Instead,  the  fabrication  cost  includes  all  the  proces¬ 
sing  steps  to  create  the  radiating  elements,  feed  network, 
transmission  lines,  phase  shifter  components,  digital  integrated 
circuits  and  dc  distribution  network.  In  general  the  capacity 
of  the  semiconductor  processing  equipment  greatly  exceeds  one 
wafer.  Therefore,  fabrication  costs  are  actually  process  cycle 
costs  independent  of  the  number  of  wafers.  Assuming  that  equip¬ 
ment  capacity  is  100  wafers,  two  man-months  of  highly  skilled 
labor  can  be  amortized  so  that  the  fabrication  cost  per  unit  is 
roughly  50  dollars. 

The  fabrication  costs  for  the  other  design  concepts  refer  to 
processing  of  the  circuit  boards.  The  monolithic/ hybrid  designs 
on  quartz  and  sapphire  are  lowest  since  one  photolithographic 
procedure  is  required.  Both  the  multi-layer  and  modular  ap¬ 
proaches  involve  more  than  one  photoetch  process  with  extra 
punched  or  drilled  holes  between  the  various  layers  which  sub¬ 
stantially  increases  the  cost.  The  mono  1 i t h i c /hy br i d  approach 
on  Duroid  is  equally  expensive  due  to  plated  through  hole  re¬ 
quirements  for  each  element. 

The  assembly  costs  are  indicative  of  the  degree  of  difficulty 
involved.  The  modular  approach  is  most  complex  because  of  the 
vertical  interconnects  between  the  element  feed  network  layer 


and  The  16  phase  shifter  modules.  These  are  also  required  in 
the  multi-layer  design  but  the  cost  is  somewhat  lower  since  only 
one  phase  shifter  substrate  is  required. 

The  monolithic/hybrid  designs  are  least  expensive  since  only  PIN 
diode  and  blocking  capacitor  installations  ore  required.  These 
designs  do  not  require  multiple  layer  interconnects.  The  mono¬ 
lithic/hybrid  design  on  sapphire  is  less  expensive  due  to  the  6 
diode  phase  shifter. 

The  total  cos’  for  each  design  is  tabulated  at  the  bottom  of  the 
table.  Tor  comparison  the  relative  costs  are  computed  by  nor¬ 
malizing  each  total  with  respect  to  the  minimum  which  is  the 
monolithic  design  at  $250  per  subarray.  The  next  lowest  cost 
design  is  the  monol i th i c/hybri d  on  sapphire  which  is  34  times 
more  expensive.  Although  the  all  monolithic  design  is  not  prac¬ 
tical  at  the  present  time,  the  cost  differential  is  pointed  out 
to  show  the  tremendous  potential  of  monolithic  microwave  inte¬ 
grated  antennas  (MMIA’s)  in  reducing  production  costs. 

1.9  P> ecommenda t ' ons 


based  on  t  lie  investigation  summarized  in  the  previous  sections, 
the  monolithic  design  offers  potentially  significant  repeat¬ 
ability,  reliability  and  cost  advantages  over  the  other  candi¬ 
date  techniques.  In  terms  of  performance  it  is  reasonable  to 
assume  that  at  worst  the  array  efficiency  will  be  comparable  to 
the  other  design  approaches,  but  with  the  added  benefit  of  broad 
boamwidth  and  wide  bandwidth  element  characteristics  associated 
with  high  dielectric  constant  materials. 

Although  pursuit  of  this  technology  is  consistent  with  our  i  n  - 
t  e  rpre  I.  a  t  i  on  of  the  program  objective,  functional  hardware  can¬ 
not  tie  implemented  in  t.  ti  i  program  in  view  of  the  extensive 
jirore.-s  development  effort,  required.  Therefore,  we  recommend 


that  monolithic  microwave  i  ntegratod  antenna  technology  he  de¬ 
veloped  on  future  proprams  both  at  IS  nil/  and  h  i  ijlicr  mill  iniH.cr 
frequencies. 

In  order  to  fulfill  the  immediate'  requirements  of  this  proqrum, 
however,  we  have  selected  the  mono  1  i  t  ii  i  c /by  h  r  i  d  approach  on  a 
high  dielectric  constant  material,  specifically  sapphire.  This 
choice  takes  advantage  of  the  simple  fabrication  and  assembly 
procedures  while  maintaining  the  benefits  of  the  microstrip  ra¬ 
diator  on  a  high  K  material.  Such  a  design  concept  is  also  a 
logical  precursor  in  the  evolution  of  MMIA's  since  both  silicon- 
on-sapphiro  and  Gallium  Arsenide-on -sapphire  are  established  se¬ 
miconductor  technologies.  Although  the  losses  arc  higher  with 
the  selected  design,  we  feel  that  this  is  only  a  temporary 
shortcoming.  The  ultimate  successor  to  this  design,  '1M  [As,  wilt 
reduce  losses  by  employing  more  efficient  phase  shifters  with 
the  added  feature  of  including  distributed  amplifiers  to  compen¬ 
sate  for  losses  or  provide  gain. 


2.0 


TEST  RESULTS 


As  previously  discussed,  the  investigation  concerning  antenna 
patches  on  various  high  permittivity  materials  lead  to  the  con¬ 
clusion  that  future  experimental  circuits  should  be  fabricated 
on  sapphire  rather  than  on  alumina  because  of  sapphire's  lower 
losses.  A  complication  arises  using  monocrystalline  sapphire 
substrates  hecause  the  material  is  uniaxially  anisotropic. 
However,  using  substrates  cut  in  a  particular  orientation  causes 
a  material  permittivity  that  is  constant  everywhere  in  the  plane 
of  the  material.  Microstrip  theory  can  then  be  applied  pro¬ 

viding  the  relative  permittivity  is  replaced  with  an  isotropic- 
substrate  relative  permittivity  which  is  a  function  of  w/h  of 

the  in  i  c  r  o  s  t  r  i  p  lines.  |_  7  J 

The  general  direction  of  tne  experimental  work  was  to  investi¬ 
gate  various  circuit  configurations  that  would  ultimately  lead 
ti  a  .toeroble,  hybrid  antenna  array.  Thus,  the  first  step  was 
to  fabrn.at.  a  1x4  broadside  array  and  to  evaluate  its  perfor- 
.11  a  m.  e  hub  sequent.  slops  involved  optimizing  tne  microstrip 

i .  i  r  c  u  i  t  r  y  . 

h.-si  t  he  array  f  aiir  i  >.  at  i  on ,  work  was  done  to  create  a  pre- 

I  i  m  i  n  i  >  y  pg  a  s o  shift  network  .  This  involved  t.  h e  design  of  a 
1-db  iir.ii,,  a  |  i  no  <.ou(ilor  winch  would  operate  at  the  high  design 
t  rsM|ui'i|i  y .  Thr  loupler  was  chosen  as  a  viable  phase  shift 
an*  thud  0"  a  use,  as  ,n  *  •  n  t.  i  Dried  previously,  less  diodes  were  in- 

v  ■>  I  v  I  than  i  n  mo  re  c  o  n  v  en  t  i  on  a  1  methods. 

i  if  nit  t  a  1 1  r  1 1  a  l  i  o  n  I  n  Im  i  ijui's  p  ar  a  I  1  e  I  ed  those  t  m  h  n  i  g  no  s  used 

for  ,  i  q  i  t  a  I  1  .  .  f  ab  r  1 1  ,i  t  i  on  except  that  only  single  layer 

designs  instead  of  it  a  1  t  i  -  1  a  vr  designs  were  created.  The  d  e  - 
nr  e  I  iiiicroslrip  i  ni  nt  was  designed  to  fit  onto  either  a  1 
s  q  uar-*  i  u  (.  1.  >  r  4  s  q  u  a  r  •  i  n .  b  s  uli  str.it  r' ,  then  digitized  into 

r  e  t  a  n  u  u  I  a  i  i  mu  Imaii",.  A  p  a  pi  -  r  tap*'  containing  the  i  n  f  o  r  m  a  - 


tion  was  then  punched  and  fed  into  a  by  r  e  x  pattern  generatot 
which  created  a  photographic  plate  of  the  inn;,  rostrip  circuit. 
The  precision  glass  plates  were  necessary  to  insure  consistent 
widths  in  the  high  impedance  lines  and  clean,  clearly  defined 
junctions  and  corners.  With  conventional  film  negatives,  very 
thin  feed  lines  tend  to  vary  in  width  due  to  lower  resolution, 
warpage  and  imperfect  contact  with  the  substrate.  In  addition, 
the  film  negative  will  only  be  as  accurate  as  the  camera  that 
created  it.  However,  the  plates  maintained  the  accuracy  of  the 
pattern  generator  which  was  approx imate iy  one -tenth  if  a  mil. 
After  etching,  the  completed  substrate  was  soldered  onto  a 
copper  block  which  acted  as  an  extended  ground  plane  for  the 
circuit  and  end  launch  connectors  were  attached  which  served  as 
the  interface  between  the  circuit  and  the  test  equipment. 

2  .  1  The  A  n_t._e  n  n  a  Array 

2.1.1  First  Iteration  of  the  4x4  Array 

The  first  4x4  array  comprised  a  relatively  straightforward  lay¬ 
out  design.  Each  antenna  was  placed  such  that  its  upper  left 
corner  was  0 . 4 3 \  from  the  upper  left  corner  of  any  of  its  imme¬ 
diate  neighbors.  The  antenna  patch  itself  was  one  previously 
designed.  A  computer  plot  and  a  photograph  of  this  4x4  array 
appear  in  Figures  23  and  24.  Upon  inspection  of  the  plot,  it 
can  be  seen  that  mitered  corners  were  not  employed  for  the  de¬ 
sign  since  the  design  was  to  act  as  a  first  approximation  only. 

After  fabrication  of  the  above  design,  the  VSWR  and  the  radia¬ 
tion  patterns  of  the  array  were  recorded.  What  was  construed 
from  the  resulting  VSWR  was  that  element,  and  transformer  mis¬ 
matches  had  occurred  and  had  caused  an  unfavorable  VSWR  at  the 
design  frequency  of  lb  GH^.  Mismatch  and  transmission  line 
losses  were  also  indicated  by  the  radiation  patterns  taken. 


Although  the  patterns  for  the  E  and  H-plane  po  i  ar i z at  1 ons  seemed 
to  exhibit  a  good  deal  of  directivity  (approximate  beamwidths  of 
35*  and  50*,  respectively,  across  the  measured  frequency  range 
of  14.9  to  16.1  GHz),  the  gain  was  substantially  lower  than  the 
anticipated  14.7  dB  gain  estimated  for  the  array;  this  estimate 
was  based  on  the  beamwidth  measurement.  Samples  of  an  E  and 
H-plane  radiation  pattern  for  a  frequency  of  15.5  GHz  are  shown 
in  Figures  25  and  26.  These  patterns  are  typical  of  the  type 
taken  across  the  measured  frequency  range.  Because  of  the  low 
gain,  substantial  losses  were  probably  incurred  through  trans¬ 
mission  line  losses  and  antenna  patch  mismatches.  Also,  coup¬ 
ling  between  antennas  3-2  and  3-3  (matrix  notation)  and  the 
quarter-wave  transformers  used  to  feed  the  2x4  sections  was 
believed  to  have  taken  place  as  evidenced  by  the  lower  than 
anticipated  side  lobe  levels  at  some  frequencies. 

2.1.2  First  Iteration  of  the  2x2  Array 

In  an  effort  to  isolate  loss  contributions,  the  original  4x4 
array  was  broken  down  into  separate  pieces:  the  main  trans¬ 
former  network  used  to  feed  the  two  2x4  arrays,  the  secondary 
transformer  which  fed  each  of  the  four  2x2  arrays  and  the  2x2 
array. 

The  2x2  array  was  tested  for  VSWR  and  for  radiation  patterns. 
The  resulting  VSWR  showed  the  array  to  suffer  from  serious  mis¬ 
match  error  throughout  most  of  the  measured  frequency  range. 
The  radiation  patterns  showed  less  directivity  than  the  4x4  (E- 
plane  polarization  beamwidth  was  typically  65°).  Thus,  it  was 
concluded  that  any  favorable  impedance  matches  of  the  4x4  array 
were  due  mostly  to  combinations  of  errors. 
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Second  Iteration  of  !. lie  2  <  >  Array 


Using  the  results  of  the  tests  made  on  the  original  ?x?  array, 
several  design  changes  were  made  and  i  ncorpor ated  in  t.  h>*  ne-l 
generation  2x?  array. 


VSnJR  of  this  antenna  patch  is  shown  in  figure  ?  1  . 

Another  change  involved  the  layout  of  the  array.  In  or 
avoid  as  much  coupling  as  possible,  the  transformer  used  L 
tin*  2x2  sections  was  moved  from  i  t.  s  close  proximity  to  Lh 
tom  two  antennas  of  the  section  (see  Figure  23)  to  a  new 
tion  in  the  center  of  the  2x2  section.  Feed  line  paths  we r 
altered  to  preserve  the  equal  phasing  of  an  term  a  patches, 
new  layout,  of  the  2x2  array  is  shown  in  Figure  2M. 


Thus,  direct  diagonal  lines  were  not  possible 
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The  4:1  power  divider  was  a  redesign  of  the  power  divider 
originally  used.  T  h  *  *  change  involved  cleaner  intersections 
between  the  transformer  and  its  tour  branches  of  transmission 
line. 

The  last  design  change  was  to  increase  the  separal  ion  between 
the  antenna  patches  from  .48\  to  .50X.  This  increase  at  approx¬ 
imately  25  mils  was  done  to  provide  more  room  between  the  trans¬ 
mission  lines  and  the  patches. 

VSWR  and  radiation  patterns  were  taken  for  the  new  array.  The 
VSWR  was  measured  for  a  frequency  range  of  14.0  to  16.0  GHz. 
The  VSWR  showed  considerable  improvement  over  the  first  array 
and  is  shown  in  Figure  30. 

The  radiation  patterns  had  typical  beamwidths  of  5u°  in  the  11- 
plane  and  40°  in  the  E-plane.  These  beamwidths  predict  just  un¬ 
der  10  dB  of  gain  for  the  array;  the  measured  gain  was  up  or ox i - 
m  a  t  e  1  y  9  d  8  .  With  intrinsic  conductor  losses  averaging  .3  (J  3  /  - 
inch  arid  approximate  transmission  line  lengths  totalling  three 
inches,  then  nearly  a  dB  can  be  attributed  to  line  losses. 

2.1.4  Second  Iteration  of  the  4x4  Array 

The  design  of  a  subsequent  4x4  array  would  have  used  the  2x2 
array  as  a  model  for  each  of  the  quadrants.  The  top  two  quad¬ 
rants  would  exactly  be  the  2x2  and  the  bottom  two  quadrants 
would  be  the  2x2  varied  slightly  to  accommodate  the  positioning 
of  the  4:1  power  divider  such  that  all  feedline  paths  would  be 
of  equal  length.  It  was  felt  that  the  modifications  to  standard 
fabrication  techniques  discussed  above  were  the  steps  necessary 
to  assure  that  the  final  4x4  element  array  would  perform  as 
expected. 
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?  .  2  The _ 3  -  d  B  Branch  Lint*  Coupler 

The  three  decibel  directional  coupler  was  to  be  the  basic  build¬ 
ing  block  for  the  180°  and  90°  phase  bits  in  the  3-bit  phase 
shifter.  Thus,  the  first  stop  in  creating  a  suitable  switching 
network  involved  the  development  of  an  adequate  f-dff  branch  line 
coupler.  An  iterative  process  t  h  a  t  a  I  I o  w e d  two  slightly  differ¬ 
ent  coupler  models  to  be  fabricated  on  a  single  substrate  was 
used  in  the  coupler  development. 

2.2.1  First  Iteration  of  the  Coup  lee 

A  str ai ghtf orward  design  approach  was  initially  used.  Shunt  and 
series  legs  of  the  first  model  were  designed  to  be  a  quarter 
wavelength  in  length  as  measured  from  the  centers  of  each 
respective  T-junction.  A  computer  plot  of  the  coupler  is  shown 
in  Figure  31.  The  quarter  wavelengths  were  determined  specifi¬ 
cally  for  the  respective  r  > s i s  t a  n  c e  s  of  the  shunt  and  series 
legs. 

In  the  second  model,  the  shunt  leys  were  placed  slightly  further 
apart,  resulting  in  an  increase  in  the  length  of  the  series 
legs;  all  else  remained  unchanged.  It  was  hoped  changing  only 
one  variable  would  cause  a  resultant  change  in  coupler  perfor¬ 
mance  that  would  give  an  insight  as  to  what  changes  should  be 
made  for  optimization. 

Test  results  for  the  first  iteration  indicated  that  the  two 
equal  amplitude  ports  tracked  each  other  better  when  the  series 
legs  were  slightly  longer;  however,  resultant  signal  levels  were 
lower  than  anticipated.  The  VSWR  indicated  the  high  loss  was 
due  to  impedance  mismatch.  Also,  the  measured  phase  between  the 
two  matched  ports  was  greater  than  the  desired  90°  phase  dif 
Terence  . 
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2.2.2  Second  Iteration  of  the  Coupler 

A  new  design  based  on  the  aforementioned  results  was  util  wed 
for  the  second  iteration.  Both  the  series  legs  and  the  shunt 
legs  were  shortened  slightly. 

The  results  from  this  design  showed  a  marked  improvement  over 
the  previous  iteration.  The  two  eijual  amplitude  ports  tracked 
within  one  decibel  of  each  other  for  frequencies  ranging  from 
14. 50  GHz  to  lb.?S  GHz;  fhe  isolated  port  sign  i  I  was  jus'  mder 
d'J  dB  down  from  the  input  signal.  However,  the  phase  between 
the  two  equal  amplitude  ports  measured  only  B0°  . 

Phase  measurement s  were,  perhaps,  the  most  sensitive  measure¬ 
ment  techniques  since  each  mil  of  length  corresponded  to 
approximately  one  degree  of  phase  change. 
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summation  of  the  output  powers  plus  the  approximate  line  losses 
for  the  second  iteration  are  shown  in  Table  b.  Because  this 
tabulation  accounts  for  9b%  of  the  input  power,  it  can  be 
assumed  the  measurements  made  were  valid.  fo  check  the  validity 
of  the  phase  measurements,  one  can  measure  the  insertion  loss 
between  the  input  and  isolated  ports  with  the  two  equal  anpli- 
tude  ports  first  short  circuited  then  ipen  circuited.  If  the 
approx i mate  1 y  correct  phase  relationship  exists  in  the  coupler 
square,  then  the  results  of  these  two  measurements  should  be 
nearly  equal. 

A  test  of  this  nature  was  performed  on  the  coupler.  The  test 
results  showed  that  although  the  data  from  a  shorted  and  open 
circuit  tracked  each  other,  the  amplitudes,  on  the  average. 


were  approximately  7.5  dll  apart.  However,  other  test  data 
showed  that  the  amplitudes  differed  by  only  1  dB  at  a  frequency 
somewhat  hiqher  than  the  desiqn  frequency.  These  results  in¬ 
dicated  the  two  ports  were  under  90°  apart;  this  coincided  with 
data  qa the  red  from  the  phase  measurements. 


TABLE  b 

Total  Power  As  Measured  On  Second  Iteration 
Coupler  At  D e s i q n  Frequency 
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Percentage  of 
Total  Power 


t  a  1  Power  Me  a  s  u  rod 


I  .  t  i  ma  t,  ed  1  osses 


0.8  dB 


1  e  ‘  a  1  Pewe  r  Af  <  Ollfl  fed  lor 


2.2.3 


I  h  1  r  J  Iteration  of  the  Coupler 


For  the  third  iteration,  one  of  the  models  was  designed  using  a 
set  of  equations  which  took  T-junction  effects  into  account. 
[8]  T-junction  discontinuities,  which  can  usually  be  ignored  at 
lower  frequencies,  become  more  prominent  at  higher  f requeue l us 
because  their  s i / e  is  no  longer  negligible  as  compared  to  wave¬ 
length  . 

A  summary  of  the  results  of  the  equations  is  as  follows:  at 
high  frequencies  the  parasitic  capacitances  caused  by  the  T- 
junction  formed  between  a  high  impedance  line  and  a  lower  impe¬ 
dance  line  causes  the  high  impedance  line  to  appear  shorter  in 
length  and  the  lower  impedance  line  to  appear  equally  loo  get  in 
length.  Also,  the  effective  impedances  of  series  and  shunt  legs 
are  affected  by  the  discontinuities.  The  shunt  leg  im  pc*  dance 
appears  slighly  higher  while  the  series  leg  impedance  appears 
just  barely  lower  than  the  original  value. 

Thus,  in  this  iteration  model,  the  shunt  legs  were  decreased  in 
length,  by  five  degrees  and  the  series  legs  were  equally  in¬ 
creased.  Also,  the  shunt  impedance  was  lowered  to  forty-five 
ohms,  while  the  series  leg  impedance  was  not  altered. 

Test  results  were  encouraging.  They  showed  however,  that  the 
coupler  was  f  a i r I y  well  matched  at  a  higher  than  design  fre¬ 
quency.  Thus,  the  next  iteration  (had  time  allowed)  would  have 
had  changes  that  were  half  the  line  length  changes  made  from  the 
second  to  third  iteration. 

2.3  Recommendations  for  Further  Studies 

An  important  area  that  warrants  closer  study  concerns  the  de- 
velopeinent  of  optimal  guidelines  for  designing  T-junctions, 
corners,  trjnsformers,  line  c  onn  ■■  ^  t  i  o  n  and  other  such  siaiilar 
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items.  Standard  layouts  were  used 
tie  i  ii  t  e  re  s  S  i  ny  to  isolate  each  of 
VSWK  and  modify  the  design  until 
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